From the gross conservation laws of thermodynamics in a convecting material we derive a bound on the ratio of the rate of production of mechanical or magnetic energy to the rate of internal radioactive heating which drives the convection. Our bound for this "efficiency" depends on the temperatures in the material, and can exceed unity. Whether the bound can be attained by "efficiencies"" in real fluids is not known, but a simple machine shows that "efficiencies"' larger than unity are physically realizable. Our bound gives upper limits on the viscous dissipation in the earth's mantle and ohmic heating in the core, but these limits are too large to be physically interesting.
Continental drift is probably a surface manifestation of convection in the earth's mantle, driven by radioactive heating. The motion of the fluid core which generates the geomagnetic field may also be convection driven by radioactive heating, although other causes of this motion have been suggested (1) . At any rate, it is possible that the earth contains at least two heat engines, one in the mantle which produces kinetic energy dissipated by viscosity, and one in the core which produces magnetic energy dissipated by ohmic heating. These heat engines have been examined from a thermodynamic point of view (2) but not in sufficient detail to bring out a very interesting peculiarity which arises from the fact that they deposit their frictional heat losses in their hot reservoirs. In the present paper we will give the mathematic derivation and physical interpretation of the thermodynamic conservation laws for these two heat engines. Those laws give upper bounds for the ratio of total ohmic or viscous dissipation to total radioactive heating, but the bounds depend on temperature differences in the material, and may exceed unity. We exhibit a simple mechanical example to show that the bounds can be attained, giving heat engines with apparent "efficiencies" much larger than unity. Whether such "efficiencies" are possible in real fluid motions [2] where bi is the derivative with respect to the i'th Cartesian coordinate, uj and T1, are the Cartesian coordinates of u and T, and the repeated-indices are to be summed from 1 to 3. By integrating the local internal energy equation [Malvern (4) ] and combining the result with [1] and [2] we obtain dt{IE2A V (22 )v} + H-ndA= u-TidA+ f| dV. [3] av av Proc. Nat. Acad. Sci. USA 72 (1975) Finally, by integrating the local entropy equation [Malvern (4) ] over V, we obtain [4] The physical interpretation of Eq [1] is that magnetic energy is created by the motion of the material against the Lorentz force, and is destroyed by ohmic heating. The physical interpretation of Eq. [2 ] is that mechanical (kinetic plus gravitational) energy is created by work done on the boundary of the material and by deformation of the material against the eqtilibrium stress T?, and is destroyed by work done against the Lorentz force and by the dissipative stress T, e.g., viscosity. Eq. [3] indicates that total energy can'be increased only by heat flowing into V across aV, by work done on ?V, and by radioactive heating. Finally, Eq. [4] lists the possible causes of an entropy increase: flow across 6V with current density 0-1 H, or injection locally at a rate 0-1 y by radioactive heating, at a rate 0-'-1J2 by ohmic heating, at a rate o-'T/jda uj by frictional (viscous) heating, and at a rate H-v o-1 by heat flow down a temperature gradient.
In the rest of the present discussion for simplicity we will neglect any mechanical work done on ?V by asuming u-T = 0 there. This restriction makes our discussion inapplicable to Malkus's precessionally driven dynamo (1) , but the interested worker can make the necessary extensions. We will also assume that all integrals in Eqs. [1] through [4] In the core, probably the dissipation is almost entirely ohmic [Gans (6) ] so [A8] gives an upper bound on the average value of J2/oc. If we take IJI | BI/ga where a is the radius of the core, if we suppose that OM/Go < 2 for the core, and if we assume that Q0 is less than one-fifth of the geothermal heat flow at the surface of the earth, then [A8] gives B2/a < 50, with B in gauss and a in mhos/m. Jain et al. (7) . Thus, we show that inequality [A9] cannot be improved without invoking more details of fluid motion than merely the gross conservation laws of thermodynamics; and we also show that [A12 ] can be violated in a physically realizable system, if not in a convecting fluid. Our machine is a gross oversimplification of a convective dynamo, but its simplicity may make it as use'ful an elementary tool in thermodynamic dynamo theory as Bullard's dynamo has been in kinematic dynamo theory.
The machine is shown in Fig. 1 . The original disc dynamo (9) consists of two rigid pieces of nonmagnetic metal: one is the disc with its attached axle, and the other is the ring of electrical conductor which encircles the axie and makes brushing electrical contact with the axle and the edge of the disc. We have modified the dynamo by breaking the ring at G. Without this break, when the disc rotates in the direction of its arrow, if there is any electrical current flowing in the ring, this current will generate a magnetic field which passes through the disc, so that the disc acts as a dynamo and drives the current around the ring. In our modified dynamo the current in the ring at G must pass out the wire and through resistor R before it can return and continue around the ring. The wires to R are wound together so as to produce no stray magnetic fields. Thus, Bullard's (9) analysis of the dynamo remains valid. Bullard postulated that an unspecified source of energy was available to turn the shaft either at a constant rate or with a constant torque. We will suppose that the source of energy is a Carnot engine operating between a hot reservoir at temperature Oh and a cold reservoir at temperature Oc. The hot reservoir will be supposed to contain radioactive heat sources producing heat at a rate QR. In addition, the resistor R will be placed in the hot reservoir. We will assume that the metals of which the dynamo disc and ring are made are nearly perfect electrical conductors. Then all of the resistance in the dynamo circuit is contained in the resistor R. If I is the current in the dynamo circuit, then RI2 is the total ohmic heating rate in the dynamo circuit; hence, in the steady state, RI2 is also W, the rate at which the Carnot engine must supply mechanical power to the shaft of the disc dynamo (and the rate at which that power is converted to magnetic energy).
The Carnot engine can extract heat from the hot reservoir at the rate Q,, = Qv + W, and the rate at which the engine deposits heat in the cold reservoir is Q, = Qh-W = QR. In a Carnot engine, Qy,/Ot = QC/C0, so W = QR(h/0c-1).
In short, the machine shown in Fig. 1 
